The laboratory zebrafish (Danio rerio) is now an accepted model in toxicologic research. The zebrafish model fills a niche between in vitro models and mammalian biomedical models. The developmental characteristics of the small fish are strategically being used by scientists to study topics ranging from high-throughput toxicity screens to toxicity in multi-and transgenerational studies. High-throughput technology has increased the utility of zebrafish embryonic toxicity assays in screening of chemicals and drugs for toxicity or effect. Additionally, advances in behavioral characterization and experimental methodology allow for observation of recognizable phenotypic changes after xenobiotic exposure. Future directions in zebrafish research are predicted to take advantage of CRISPR-Cas9 genome editing methods in creating models of disease and interrogating mechanisms of action with fluorescent reporters or tagged proteins. Zebrafish can also model developmental origins of health and disease and multi-and transgenerational toxicity. The zebrafish has many advantages as a toxicologic model and new methodologies and areas of study continue to expand the usefulness and application of the zebrafish.
The zebrafish (Danio rerio) is now a well-recognized biological model system for toxicology research and can be used to study and model toxicity from molecular initiating events to alterations in organismal health and behavior (Figure 1 ). The small, freshwater cyprinid fills a scientific niche between in vitro models and higher organisms. Zebrafish can be used for highthroughput chemical toxicity testing, allowing for quick, large scale screening similar to in vitro assays. Yet zebrafish are complex organisms with highly conserved organ systems and metabolic pathways that enable the evaluation of the toxicokinetics and toxicodynamics of xenobiotics similar to mammalian models. As a model organism, zebrafish are small, economical, and have easy husbandry; however, the strength of the model lies with certain features of zebrafish development that are exploited in toxicity testing (Bailey et al., 2013) . Zebrafish embryos develop ex vivo, allowing for easy xenobiotic exposure; develop rapidly, with all major body systems formed by 72 h postfertilization (hpf); and are optically translucent in early stages of development. In addition, to the well described development (Kimmel et al., 1995) , zebrafish have a sequenced genome (Howe et al., 2013) and are suitable to genetic manipulation (Varshney et al., 2015) and "-omics" level evaluations (Horzmann and Freeman, 2017) .
Although zebrafish are also used for assaying organ system toxicology (Goessling and Sadler, 2015) , investigating mechanisms of action (Peterson and Macrae, 2012) , and evaluating ecotoxicity and environmental toxicants (Bambino and Chu, 2017) , in recent years, zebrafish have become a workhorse model in chemical toxicity screening (Rennekamp and Peterson, 2015) , drug development (Gibert et al., 2013) , and developmental neurotoxicity (Bailey et al., 2013; Nishimura et al., 2015) . The zebrafish model performs comparably to mammalian models in developmental toxicity assays. As reviewed by Sipes et al. (2011) , the concordance between zebrafish and mammalian models in evaluating chemicals for developmental toxicity is 55%-100% (Brannen et al., 2010; Padilla et al., 2011; Selderslaghs et al., 2009) . However, in screens of known fetotoxic substances, assays with rats identified 79%, rabbits 75%, and mice 75% of chemicals, though the concordance between the rats, rabbits, and mice is only 56% (Hurtt et al., 2003) . The percent concordance across the mammalian species suggests that the response of zebrafish is on par with mammalian models of toxicity and supports the utility of the zebrafish model in toxicology research.
One of the most highly read and cited articles published in Toxicological Sciences reviews zebrafish as model of chemical toxicity (Hill et al., 2005) . In their review, Hill et al. predicted that high-throughput screening, genome editing, and the development of novel bioassays for toxicology testing would enhance the evaluation of mechanisms of chemical toxicity. Technology, molecular techniques, and their application in zebrafish have, of course, advanced in the past decade. Screening tests have increasingly become automated and automation has increased the utility of behavioral endpoints as phenotypic measures of toxicity. In addition, new molecular techniques for genome editing permit creation of specific models of human disease and interrogation of specific molecular pathways for mechanistic studies (Bambino and Chu, 2017; Phillips and Westerfield, 2014) . Zebrafish are also being used to study emerging topics in toxicological research such as the developmental origins of health and disease (DOHaD) and the persistence of xenobiotic induced epigenetic alterations through generations. The aim of this review is to introduce readers to a few emerging trends in zebrafish research.
HIGH-THROUGHPUT TECHNOLOGY
The zebrafish developmental toxicity assay has become a mainstay of high-throughput analyses. Generally multiple zebrafish embryos (48-96) are exposed to a range of chemicals or concentrations. Toxicity is usually monitored by evaluating lethality, teratogenicity, or other phenotypic changes. Developmental toxicity zebrafish screens are a component of the United States Environmental Protection Agency's Toxicology Testing in the 21st Century (Tox21) ToxCast phase I (Padilla et al., 2012) and phase II screens (Truong et al., 2014; Volz et al., 2015) . ToxCast aims to use high-throughput screens and computational modeling to rank and prioritize chemicals of interest. The utility of zebrafish in chemical screening is well established, with acute toxicity assays identifying priority chemicals with greater sensitivity than predictive calculations based on chemical physicochemical properties. For example, both the octanol/water partition coefficient values of chemicals and their bioconcentration factor lack significant correlation to acute zebrafish toxicology endpoints such as the lethal concentration for 50% (LC50), but zebrafish LC50 values are significantly correlated with developmental malformations such as skeletal and swim bladder defects and yolk sac edema (Ducharme et al., 2013) . Furthermore, the results of the zebrafish ToxCast screens show good correlations to mammalian toxicity assays, with zebrafish LC50 values for acute toxicity correlating with rat LC50 inhalation values, and zebrafish Lowest Observed Adverse Developmental Effect Dose values correlating to the results of rabbit dermal and rat oral exposures (Ducharme et al., 2015) . In a separate screen of ToxCast chemicals, zebrafish developmental Figure 1 . Zebrafish can be used to define and connect changes along the entire spectrum of toxicity research. Zebrafish can be used to model toxicity from the initial intoxication (1), through the molecular initiating event (2), and changes at the cellular (3), tissue (4), and organ (5) levels. Finally, changes in phenotype (6), including alterations in growth and development or behavior and disease outcomes can be observed. In this example, the methylation status of a gene is altered by xenobiotic exposure (2), resulting in altered gene transcription (3), altered neurotransmission (4), and brain dysfunction (5).
toxicity had a high concordance with rodent reproductive studies with liver and kidney pathology and a high concordance with developmental rat or rabbit maternal related toxicity (Truong et al., 2014) . 75% of the chemicals identified by Truong et al. (2014) were also identified by Padilla et al.(2012) as having toxicity. It should also be noted that zebrafish are also being utilized in high-throughput screening for drug discovery (reviewed by Wiley et al. (2017) ), both for the discovery of new compounds and for the identification of new, unrecognized targets (reviewed by MacRae and Peterson, 2015) .
The applications of technology in zebrafish high-throughput screening are advancing both the number and nature of endpoints and the scale of testing. Robotic systems are being used for xenobiotic dosing of the multiwell plates in developmental zebrafish toxicity assays and advances in digital dispensing of xenobiotic through ink-jet printing technology has the potential to increase the quality and repeatability of data while decreasing error . Limitations of high-throughput screening include the study to study variation in identification and ranking of chemical toxicity, a lack of overlapping data between species that can be used for comparison, and the fact that the methods still need refining to increase through-put and reduce embryo handing. Manual evaluation of phenotype or morphologic features can be time and labor intensive, and evaluation of earlier endpoints may allow for easier screening, as 72 hpf embryo survival predicts chemical scoring at 96 or 144 hpf (Volz et al., 2015) . Alternatively, integrated systems, such as the VAST BioImager, have the potential to increase endpoints targeted for high-throughput screening by streamlining morphologic evaluation with fluorescent imaging of reporters or other fluorescently labeled proteins of interest (Pulak, 2016) . Previously, multiple targets, such as different fluorescent reporters or physical measurements, were limiting on a large scale.
BEHAVIOR
Zebrafish behavior is increasingly being incorporated into toxicological testing as a measurable phenotype reflecting alterations in normal physiology. Behavioral tests for both larval and adult zebrafish take advantage of well-characterized behavioral responses (Kalueff, 2017; Kalueff et al., 2013) . The assays are largely modified from rodent behavioral methods and test conserved behavioral endpoints, such as thigmotaxis (wall hugging), scototaxis (light/dark preference), geotaxis (diving preference), exploration, habituation, and stress-and anxietyrelated parameters (reviewed by Ahmad et al., 2012) . Deviations from normal behavior can highlight possible functional outcomes of chemical toxicity, provide information on drug efficacy, or suggest mechanisms of action or including the direct disruption of neurotransmission or other neural elements, indirection alterations in intracellular signaling, disruption of the musculoskeletal system, and altered growth and development (Reif et al., 2016) .
Larval Behavior
Larval zebrafish behavior is well characterized and is often incorporated into toxicological assays. The utility of using larval zebrafish behavior for toxicity assessment was validated by exposing larvae to compounds with known mechanisms of action and known behavioral outcomes in rodents. For example, zebrafish larvae exposed to the drug valproate experienced hyperactivity similar as to what has been described in rodent models and humans (MacPhail et al., 2011). Endpoints such distance moved, velocity, time moving, angular velocity, and turn angle can be used to link xenobiotic exposure to behavior outcomes which could suggest developmental neurotoxicity or other adverse effects. Commercial zebrafish behavioral systems have allowed for easier, high-throughput analysis of larval behavior through the integration of infrared cameras with contained testing arenas, programmable stimuli control, and analysis software.
Two of the most common assays for high-throughput analysis are an embryonic photomotor response (PMR) and a larval locomotor assay called either a visual motor response (VMR) or a larval PMR test. Zebrafish have rhythmic tail coiling movements starting at 17-21 hpf. Exposure to a light source around 24-30 hpf will cause a reflex increase in activity level, called the PMR. The reflex is mediated through nonvisual, hindbrain pathways (Kokel et al., 2013) and provides an early testable phenotype in developmental toxicity assays. In a screen of ToxCast chemicals, hypoactivity or hyperactivity during the 24 hpf PMR is associated with an increased relative risk for developmental malformations at 120 hpf (Reif et al., 2016) . Interestingly in the same study, behavioral alterations could be observed for some chemicals, such as abamectin, milbemectin, and emamectin benzoate, at lower chemical concentrations than what causes morphological alterations (Reif et al., 2016) . Larval zebrafish at approximately 5 days postfertilization have robust locomotor responses to changes in light based through a visually mediated reflex (VMR). Larval zebrafish tend to have increased activity in light compared with dark, but exhibit paradoxical increased behavior in dark after a sudden change from light to dark (MacPhail et al., 2009) . VMR endpoints, such as duration of movement, distance moved, and velocity, if altered by chemical exposure, can provide support for toxicity and can help establish pathways effected or mechanisms of action. For example, the VMR has been used to evaluate the irritant effect of particulate matter (PM) on larval zebrafish behavior and investigate possible mechanisms. Stevens et al. (2018) evaluated the effects of acrolein and compressor-generated diesel exhaust PM on the locomotor behavior of zebrafish and found that inhibition of the transient receptor potential cation channel blocked the response to acrolein and exhaust PM. Although the PMR and VMR tests provide a phenotypic outcome of toxicity, limitations of both tests are a general lack of standardization in methods across laboratories, which is concern for reproducibility of results, and the challenge of tying behavioral data to molecular initiating events.
Adult Behavior
Adult behavioral assays are emerging as tools to evaluate changes in activity level, anxiety, learning, and other neurobehavioral outcomes after xenobiotic exposure. Adult zebrafish can be used to model complex behaviors related to stress and anxiety, learning, and social interactions, such as shoaling or aggression. Methods of monitoring adult behavior are becoming more sophisticated. Video tracking software can routinely calculate parameters such as total distance moved, velocity, turn angle, and angular velocity of single zebrafish. The basic technology has expanded to include the monitoring of multiple fish in a single area (Green et al., 2012) and 3D methods that allow for more accurate tracking and a greater range of observable endpoints from a single test (Stewart et al., 2015) .
Although many behaviors can be altered by chemical or drug exposure, tests that measure parameters associated with stress and anxiety are often used in studies of neurotoxicity to determine functional outcomes of xenobiotic exposure. Three common tests are the novel tank test (NTT), the light-dark box (LDB) , and the open field test (OFT) (Figure 2 ). Other tests modified from rodents, such as T-mazes and opioid selfadministration assay (Bosse and Peterson, 2017) can provide measures of learning and cognition or addictive behavior respectively. For example, Gao et al. (2017) evaluated the effect of early life exposure to benzo[a]pyrene on adult behavioral performance on a NTT and a T-maze and was able to link a phenotype of neurodegeneration to changes in DNA methyltransferase expression, decreased neurotransmitter levels, and decreased dopaminergic neurons in brain sections. Although adult zebrafish behavior testing is well described, factors such as biological replicate, test day, and experimental protocols can have a strong effect on behavioral results (Kalueff et al., 2016) , highlighting the need for reporting and standardization of information, such as acclimation period, to help improve reproducibility of results (Melvin et al., 2017) .
ZEBRAFISH GENETICS AND GENOME MODULATION
Zebrafish Genetics Zebrafish are highly amenable to genetic modification and currently over 34 000 transgenic zebrafish lines are listed with the Zebrafish International Resource Center (http://zebrafish.org; last accessed February 22, 2018). The ex vivo development of the zebrafish embryo permits easy manipulation and the transparency of the early embryos enables observation of fluorescent tagged proteins and reporters. Although 1981 marked the first publication on the genetic manipulation of zebrafish (Streisinger et al., 1981) , advancing molecular technologies in recent years and a sequenced genome facilitated the ability to target mutations to specific genes within the genome (reviewed by Varshney et al., 2015) . With respect to toxicological research, genome editing has the potential to create models of disease, speed screening assays through the evaluation of fluorescent reporters, and easily provide tools to interrogate mechanisms of action.
CRISPR-Cas9 Genome Modification and Applications in Zebrafish
Although chemical mutation, targeted induced local lesion in genomes (TILLING), zinc finger nucleases (ZFNs), and TAL effector nucleases (TALENs) have all been used to manipulate the zebrafish genome, in 2013, clustered, regularly interspaced, short palindromic repeats (CRISPR) and the CRISPR-associated system 9 (Cas9) endonuclease were first used to selectively edit the zebrafish genome (Hwang et al., 2013a,b) . The CRISPR-Cas9 system is a precise and flexible tool for genome engineering that is based on a bacterial adaptive immune response (as reviewed by Wright et al., 2016) . The advantages of the CRISPRCas9 system include easy and flexible design of guide RNA (gRNA) to target a specific gene, low cost, high efficiency, lower off-target effects compared with other technologies, and the ability to target more than 1 gene concurrently through multiplexed systems. However, the CRISPR-Cas9 system does not totally eliminate the potential for off-target effects, and genetic mosaics and multiple mutations may be introduced through non-homologous end joining at alleles of interest. Hwang et al. (2013b) published the first description of CRISPR-Cas9 system induced site-specific mutations in the zebrafish genome. In the initial work, the frequency of targeted indel mutations was 24.1%-59.4%, with 6%-36% of embryos having biallelic mutations. Since then, the CRISPR-Cas9 system has been used to cause heritable, biallelic mutations with 75%-99% efficiency (Jao et al., 2013) , knock-in genes with an indel mutation rate of 22%-67% with 31%-50% heritability (Auer et al., 2014) , induce single nucleotide polymorphisms with 46% efficiency and 10% heritability (Irion et al., 2014) , knock-in reporters at >25% efficiency (Kimura et al., 2014) , integrate in-frame exogenous DNA with 61% efficiency (Hisano et al., 2015) , perform reverse genetic screening with 90% coverage (Shah et al., 2015) , target mutations to specific tissues (Ablain et al., 2015) , and for base editing with 28% site-specific efficiency (Zhang et al., 2017) . Although CRISPR-Cas9 appears to be highly efficient and highly specific, with rare off-target effects, one interesting phenomenon is a variability in phenotype between morpholino knockdown and CRISPR-Cas9 knockout techniques. Kok et al. (2015) suggest that the difference in phenotypes is actually a result of off-target effects of the morpholinos, and recommend the use of mutant lines over morpholino technology. However, it is also suspected that in-frame indels result in a mosaic phenotype that may result in a weaker phenotype despite a high number of indel mutations (Jao et al., 2013; Shah et al., 2015) . The use of CRISPR-Cas9 systems in zebrafish is further reviewed by Albadri et al. (2017) , Gonzales and Yeh (2014) , and Li et al. (2016) .
CRISPR-Cas9 technology is only now being integrated into the zebrafish toxicology toolbox. Tian et al. (2017) recently described the use of CRISPR-Cas9 to create multiresistance-associated protein (mrp) 1 knock-out zebrafish for use in studying the role of Mrp1 in cadmium chloride and benzo[a]pyrene toxicity. The group was able to determine that Mrp1 has a protective role in cadmium and benzo[a]pyrene toxicity, as increased malformations and delayed hatching were observed in mrp1 depleted embryos. This study highlights the utility of CRISPR-Cas9 systems in elucidating mechanisms of action in toxicological research-namely through the linking of genotype and chemical exposure to an altered phenotype. The identification of genes associated with susceptibility or resistance to toxicants has the potential to better inform molecular mechanisms, and consequently, better translate the potential adverse health risks to humans (Garcia et al., 2016) .
EMERGING AREAS IN TOXICOLOGY

Developmental Origins of Health and Disease
The DOHaD hypothesis suggests that developmental exposure to environmental stressors, including toxicants, can result in genetic, epigenetic, or functional changes in tissues that increase disease risk later in life . Although the DOHaD hypothesis has expanded to recognize the importance of environmental exposures (Haugen et al., 2015; Heindel et al., 2015) , the paradigm is only starting to be integrated into the field of toxicology (Schug et al., 2013) .
In addition to their strength in developmental toxicity research, zebrafish are excellent models for studying aging and the life course (reviewed by Sasaki and Kishi, 2013) , especially in the context of the DOHaD hypothesis. The ex vivo development allows for precise control of developmental toxicant exposures and, although sexual maturity is not as rapid as in rodent models, zebrafish reach sexual maturity in 3-4 months. Emerging zebrafish research identifying the later in life effects of developmental toxicant exposure have investigated metals, polychlorinated dibenzodioxins, and the herbicide atrazine. Baker et al. (2013) described disruptions in adult skeletal structure and reproduction in zebrafish after sublethal exposure to 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin (TCDD) and later identified microscopic and transcriptomic alterations in male testes to help elucidate the mechanism of inheritable TCDD-related infertility (Baker et al., 2016) . Developmental exposure to sublethal concentrations of cadmium lengthened the time spent in the bottom during a NTT and altered the activity of antioxidant systems through a suspected alteration in DNA methyltransferase activity (Ruiter et al., 2016) . Developmental exposure to atrazine was linked to alterations in male and female gonad and brain transcriptome profiles, changes in female neurotransmitter levels, and decreased spawning in adult zebrafish (Wirbisky et al., 2015 (Wirbisky et al., , 2016a . The identification of other developmental toxicants that cause later life effects and the elucidation of their mechanisms of action represent a major area for exploration.
Multi-and Transgenerational Studies
An emerging area of toxicology somewhat related to the DOHaD paradigm is multi-and transgenerational toxicity. This field studies the effects of xenobiotic exposure in the descendants of the generation originally exposed. Many of the chemicals implicated in multi-and transgenerational toxicity are not genotoxic and epigenetic alterations are thought to be the main mechanism for inherited toxicity, possibly as a result of changes to DNA methylation in developing germ cells (reviewed by Nilsson and Skinner, 2015) . There is significant public health implications for heritable, epigenetic toxicity (reviewed by Marczylo et al., 2016) and zebrafish can model multi-and transgenerational toxicity due to the ease of developmental exposure, similarities in epigenetic regulation and metabolic pathways, and relatively short generational period, with sexual maturity occurring around 3-4 months.
When mapping multi-and transgenerational effects, the original exposure conditions determine the type of exposure to the following generations (Figure 3 ). Multigenerational toxicology studies are concerned with effects observable in generations originally exposed to the xenobiotic, whether as an adult (F 0 ), as a fetus (F 1 ), or as a primordial germ cell (F 2 ) in the developing fetus with mammalian in utero exposure. In transgenerational studies, the effects in subsequent generations (F 3 and beyond in mammals) are of interest. These generations did not have direct exposure to the xenobiotic and adverse effects observed are hypothesized to be due to epigenetic alterations. Rather than dosing pregnant animals, the zebrafish model has external fertilization and development that allow for in vitro exposure of F 0 embryos, and because of this, the F2 generation is considered transgenerational in comparison to the F3 generation in mammals. One limitation of the model, though, is the inability to study placental effects on toxicity.
A few studies using zebrafish for multi-and transgenerational toxicity work are published to date. Wirbisky et al. (2016b) observed morphological alterations in F 1 larvae after the F 0 generation had developmental exposure to atrazine, suggesting that atrazine has multigenerational toxicity. In another multigenerational study, Liu et al. (2016) fed adult female zebrafish a diet derived from wild-caught walleye fish contaminated with methylmercury and found increased malformations, decreased visual responses, and altered gene expression in their offspring. Olsvik et al. (2014) used the zebrafish model system to evaluate transgenerational changes to DNA methylation after TCDD and methylmercury exposure and described only modest effects. Knecht et al. (2017) found that developmental exposure of an F 0 zebrafish generation to benzo[a]pyrene caused altered behavior in the F 0 and F 2 generations and altered physical parameters in both generations. Skeletal and reproductive alterations associated with TCDD exposure were found to persist through the F 1 and F 2 generations (Baker et al., 2014) .
FUTURE DIRECTIONS
The zebrafish is a flexible model that fits between in vitro models and mammalian rodent models of toxicity. The strengths of the zebrafish model assure that developmental toxicity assays will continue to screen for chemical or drug toxicity. Advances in high-throughput technology will increase the scale, repeatability, and endpoints associated with xenobiotic screens. Although larval behavioral assays are already relatively automated, increased utilization and standardization of adult behavioral assays will provide high quality results and demonstrate functional outcomes of xenobiotic exposure. Finally, the incorporation of the DOHaD hypothesis and the recognition of toxicant induced, heritable epigenetic changes offer expanded avenues for toxicological research.
Zebrafish have great potential for mechanistic toxicology and will likely be utilized to a greater extent in the future. The first part of this prediction is based on the foreseeable increase in transgenic models created through CRISPR-Cas9 genome editing systems. Increased genomic editing has the potential to help the zebrafish community provide tools to link the results of screening and behavioral tests to mechanisms of action or molecular initiating events in the adverse outcome pathway framework. The second part of the prediction is based on the recognized need for better information on zebrafish toxicokinetics and the similarities to and differences from human and other mammalian models. Metabolomics (or the comprehensive evaluation of metabolites and other small molecules within a cell, tissue, or organism) offers the ability to evaluate both the amount of toxicant and its metabolite present in tissues and organisms and possible alterations in metabolic function based on altered metabolite flux (Hasin et al., 2017) . Recently Kirla et al. (2016) found that characterizing toxicokinetics is important to explain behavioral differences between zebrafish larvae and mammals with cocaine exposure. The waterborne route of exposure, used due to the inherent limitations of the aquatic zebrafish model, caused differences in cocaine uptake as compared with inhalation or intravenous routes studied in mammals. Metabolomics techniques have the ability to expand information about the absorption, distribution, metabolism, and excretion of significant toxicants.
In summary, the zebrafish is a small, but exceedingly robust model organism, providing an economical balance between in vitro assays and more complex, mammalian organisms. The many advantages of the model allow for easy adoption of new techniques, technologies, and fields of study. Although more research is required to better correlate aspects of zebrafish toxicokinetics after xenobiotic exposures, zebrafish hold great potential for models of translational toxicology. Xenobiotic exposure during mammalian pregnancy (A) exposes the mother (F 0 ), the fetus (F 1 ), and the primordial germ cells within the fetus (F 2 ) to potential direct toxic effects. Although the F 1 and F 2 generations have xenobiotic exposure, the F3 generation is the first generation without exposure, although toxicity may continue through inherited epigenetic toxicity. In zebrafish (B), developmental exposure to a F 0 generation also exposes the germ cells, resulting in indirect xenobiotic exposure to the F 1 generation. The F 2 generation and beyond lack xenobiotic exposure, but may have an altered epigenome. Top blocks represent direct exposure to xenobiotics. The middle blocks represent multigenerational toxicity, where exposure occurred during germ cell stages. The white background represents transgenerational toxicity, where the subjects had no direct xenobiotic exposure and any toxic effects are expected to from epigenetic alterations.
